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ABSTRAcT

The activity coefficient of nickel oxide (?Nro) in
a number of silicate liquids has been determined by
equilibrating the liquid with a Ni-Fe alloy at a
known l(Og). Two series of experiments were
carried out. .terr:es .l: Eighteen silicate liquids,
ranging in composition from high-Mg basalt to
dacite, were run at constant temp€rature (1300"C)
and l(Oz) (log l(Or) = -8.20) to assess the
influence of composition on ?Nro. The activity co-
efficient varies from 7.8 in the high-Mg basalt to
30 in the dacite. The increase in ?Nro with the
acidity of the liquid is ascribed to the decreasing
number of octahedral sites in the liquid. Series 2:
Four of the liquids used in Series I were run at a
constant CO2/H2 ratio at temperature intervals of
50" between 1200 and 1400oC. Within the ac-
curacy and temperature range of the experiments,
?,.rro ie proportional to the absolute temperature,
provided the melt composition remains constant.
As the activity of NiO is a measure of the solubitity
of Ni in a silicate liquid, it can be used as an aid
to predicting the Ni content of phases that crystal-
lize from that liquid. Both the partitionine (D)
of Ni between olivine and silicate liquids and the
distribution coefficient (Ko) for Ni between im-
miscible sulfide and silicate liquids are considered
as examples. Both parameters are strongly de-
pendent on temperature and, to a lesser extent,
on the composition of the silicate liquid.

Sorrarvrerns

Le coefficient d'activit6 ?sro de l'oxyde de nickel
a 6t6 d6termin6 pour plusieurs liquides silicat6s,
par dquilibration avec un alliage Ni-Fe i fugacit6
d'oxygine l(Oz) connue. Dans une premidre s6rie
d'exp6riences, dix-huit compositions, allant de ba-
salte magn6sien i dacite, ont 6t6 maintenues i
temp6rature et fugacit6 constantes [300'C; log
l(On) = -8.201, en vue d'6tablir l'effet de la com-
position sur ?11j. Ce coefficient varie de 7.8 (ba-
salte magn6sien) i 30 (dacite). L'accroissemen! de
?sro avec l"acidit6 du liquide doit 6tre fonction de
la diminution du nombre des sites octa6driques
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dans le liquide. Quatre de ces liquides ont ensuite
6t6 6tudi€s I rapport COr/H, constant, entre 1200
et 1400"C, i intervalles de 50o. Dans ce domaine
de temp6rature et dans les limites de pr6cision des
mesures, 'Yrro est proportionnel i la temp6rature
absolue, lorsque la composition reste constante' Vu
que I'activit6 du NiO mesure la solubilit6 du nickel
dans un bain fondu silicat6 on peut s'en servir
pour pr6dire la teneur en Ni des phases qui s'en
s€parent par cristallisation. La r€partition (D) du
Ni entre olivine et liquide silicat€. et le coeffi-
cient de partage Ko du Ni entre liquides immiscibles
(silicat6 et sulfur6), consid6r6s i titre d'exemples,
d6pendent tous deux fortement de la temp6rature et,
i un degr6 moindre, de la composition du liquide
silicat6.

Ctraduit Par la R6daction)

INTRoDUcTIoN

Activity coefficients (7) for certain metal

oxides in silicate liquids can be measured by

equilibrating the liquid with the Pure metal or

metal alloy at a known l(O,). Metallurgists have
been carrying out experiments of this type for

a number of years and have determined metal
oxide activity coefficients in several simple sili-

cate systems of metallurgical .interest €.9.,
Grimsey & Biswas 1976, ITI'Ia' Schuhmann &

Ensio 1951, Turkdogan 1962, Bodsworth 1959'
Wang & Toguri 1974, Nagamoti 1974). Despite
the obvious importance of these types of data,
few measurements have been made on natural
silicate liquids. Roeder (1974) and Nolan
(1977) have determined y"oo in a number of
basaltic liquids and Duke & Naldrett (1977) re-
ported Tsro for four liquids ranging in composi-
tion from basalt to rhyolite.

This paper reports 7*ro determinations at
constant temperature and l(O,) for eighteen sili'
cate liquids ranging in composition from high-
Mg basalt to dacite. Four of these liquids were
also run at a constant COI/H" ratio at temper-
ature intervals of 50o between 1200 and 1400"C.
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The results are used to calculate the influence
of temperature and melt composition on the
partitioning of Ni between olivine and basaltic
liquids and between immiscible sulfide and sili-
cate liquids.

EXPERIMENTAL TECHNIQUES

NiO activities (aNr,r) were determined by
equilibrating silicate liquids with a Ni-Fe alloy
at a known l(Oz). The governing equation is:

Ni + toz : Nio (r)
Solid gas dissolved in liquid

for which the equilibrium constant

aNiol(r : cN;fttt' (2)

so that dnio : Kr .aur ."f(Or)B (3)

Kr was calculated from the free-energy equation
given by Nagamori & Mackey ( 1978) using solid
Ni and NiO as the standard states (Table 1).

NiO; they are not for many of the other possible
Ni species in the melt. We do not mean to imply
that NiO exists as the dominant Ni species in the
melt; in fact, the high activity coefficients ob-
tained in this study would suggest that it does
not. Ni2+ or Ni-silicate complexes are more
likely species. Similarly, the calculations of yroo,
/ugo and /sro:, presented later in the paper, do not
necessarily imply the existence of 'FeO', MgO
and SiOz as species in the melt.

The charges were run as beads of liquid on a
Ni metal loop (99.999% Ni) using a surface-
tension technique similar to that described by
Presnall & Brenner (1974), Samples were
quenched in the gas mixture at the top of the
furnace. No quench crystals were observed.

A series of experiments using differing run
times showed that equilibrium is achieved in 8
hours at 1280"C. Experiments above this tem-
perature were run for a minimum of 16 hours
and those below for at least 40 hours. The
effectiveness of the 16-hour run duration was
confirmed by approaching equilibrium from both
high and low l(Or) in one of the experiments.

The oxygen fugacity was controlled by mixing
COz and Hr using the method described by
Darken & Gurry (1945). The gases used were
"Bone Dry" COr and "Prepurified" Hr, both
supplied by Matheson of Canada Ltd. Calibra-
tion of the gas mixture was checked against the
iron-wiistite equilibrium at monthly intervals
over the duration of the experiments. Values for
the CO:/ (CO,*H,) mixture required to achieve
this equilibrium ranged from 37.tOVo to 37.8A7o
at l200oC, giving a log l(O) of -11.95+0.02.
The gas mixture used for most of the runs was
checked with a zirconia cell and found to agree
within O.01 lot units. Oxygen fugacities are
believed accurate to within 0.02 log units, in-
troducing an error of less than 2/o in the
calculated amo. The thermocouple was standard-
ized against the melting point of gold (1064'C)
and against a National Bureau of Standards ther-
mocouple. Temperatures are believed ascurate
to within -+2"C.

Run products were analyzed by an ARL-AMX
and EMX electron microprobe. Glasses were
analyzed with an energy-dispersive spectrometer
at 15 kV using the matrix correction procedure
described by Bence & Albee (1968). The Ni
content of the glass and the Fe content of the Ni
wire were determined with wavelength-dispersive
spectrometers using pure Fe and Ni as standards
at 20 kV. The EMPADR VII program of Ruck'
lidge & Gasparrini (1969) was used to correct
the raw data.

During the experiments some of the Fe in the
silicate liquid entered the Ni wire to form a

TABU 1. NRE ENERGY VAIUE

R€act lon  A C Sou.ce

N r ( s )  *  ! 0 2 ( s )
r e ( s )  +  ' 0 2 ( s )
N r ( s )  *  A s a { e )
F o ( B )  *  i s z ( s )
Me(s) r  lo2(s)

.  N 1 0 ( s )

.  r e o ( 1 )

"  N $ ( r )
.  f e s ( l )
.  ser{s)

2 N l ( s )  + s r ( s ) ' 2 0 2 ( s )  " x i : 5 1 0 f
2 e g ( s )  + S 1 ( B )  r  2 0 2 ( s )  . h g 2 s t o 4
2 r e ( s )  l s l ( s )  * z o z ( s )  . F e z 3 t 0 4
2Nt(s) + slo2(cr l€i)  

"  
0z .  Nt2st04

N i o ( B ) r l s 1 0 a ( g l a s s )  . X t s t l o z
!e2Slob(6) r  S!0a(clss) .  zroslol(s)
M a z S r o ! ( s )  *  s 1 0 2 ( s t a s s )  "  a e s l o l ( s )
S I ( s ) + 0 2 ( s )  . s l o 2 ( s l a s s )
s ! ( s ) r 0 2 ( 6 )  . s t 0 2 ( c r t 6 t )

-560?5 + 20.461
-55rL9 + 10,6<A
-25560 I  9.?o\
-287?2 r 8.27I

-!7530? + \9,5?t
-)24250 + A2.ao\
-5?96r? + t4o.66r
-32?136 + 60.25\
-!?4072 + 47,62t

-\?75 + 9.?</t
-3034 + 2.r0r
\?32 - 2.73\

-2L52Ia + b0.43\
-2L5oru , 40.477

1 ! Nageorl & Uackey 19781 2 . SchuhM& Enslo 1951, I . Coughlln
1991 4 -  md & Prdrat? 19761 5 !  Robte 919!.  19?81 6 r  c@pbel l  &
R o € d o r  1 9 6 ? r  ?  .  N t c \ o ] l s  q !  q l .  1 9 1 .  T  i n  o { .

For the calculation of activity coefficients it is
desirable to have a knowledge of speciation in
natural silicate liquids. The present state of know-
ledge of the structure of silicate liquids is poor
and, in the absence of a specific model, mole
fractions of conventional oxides (NiO, MgO,
AlrOg, SiOr, etc.) have been used throughout this
paperl /nro has therefore been calculated from
the equation

anio : XNio ?rsio (4)

It is convenient to express the Ni in the melt
as NiO for two reasons: (i) Distribution and
partition coefficients for Ni are most readily ex-
pressed in terms of equations involving NiO.
(ii) Reliable free-energy data are available for
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Ni-Fe alloy. Consequently, at the end of a run,
the Ni wire contains about 2/o Fe. The Fe
content of the Ni wire usually shows some
evidence of zoning, with the centre of tle wire
containing appreciably less Fe than the edge.
This is because the rate of diffusion in the
solid wire is low compared with that in the
liquid, resulting in a dynamic equilibrium be-
tween liquid and the Ni'Fe alloy at the edge of
the wire. Following Grimsey & Biswas (1977a)
we have assumed that the am in the silicate
liquid is the same as that at the edge of the
Ni-Fe wire. Activity coefficients of Grimsey &
Biswas (1977b), between 1.00 and 0.99 over
the range of interest, were used to calculate the
aNr at the edge of the wire. As the Ni distribution
between the liquid and the edge of the wire is
reversible, we are confident that the aNro is ac-
curate to within !57o,

Loss of Fe to the Ni wire and some volatiliza-
tion of the alkalis have resulted in FeO. NaeO
and KzO being lower in the silicate run products
than in the original samples. As a consequence,

the other elements are correspondingly enriched.
Thus an andesite, after equilibrating with Ni
wire, has a SiOz content close to that of a dacite
and a dacite, a SiOg content approaching that of
a rhyolite.

The Fe content of the Ni-Fe wire can poten-
tially be used to calculate the activity coefficient
of FeO (y'"o) in the silicate liquid. From the
reacuon

Fe + iOz FeO (5)
in wire gas in liquid

it can be shown that

asq : Kt. /(Oe)} . ar" (6)

where Ks is the equilibrium constant for equa-
tion (5). The cr. can be calculated from the
composition of the wire and the activity coeffi-
cients given by Grimsey & Biswas (1977b) for
Ni-Fe alloys at 1300oC. Values for 7r"o, cal-
culated from equation (6) and the mole frac-
tion of FeO (Xr"o) of the silicate liquids, are
given in Table 2. No allowance has been made
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Temperaturg "C
1300

is some doubt as to the degree to which Fe has
equilibrated between the wire and the liquids in
some of the runs,. Free-ene.rgy,values and stand-
ard states used to calculate the equilibrium
constants in this paper are given in Table l.

Rasulrs

Two series of experiments are reported in this

for the FesOs content of the liquid, so that the
TFoo values in Table 2 should be slightly below
the true values. Stoichiometric liquid 'FeO' was
used as the standard state for FeO to facilitate
a comparison between these results and those of
Roeder (1974). Although the comparison is
reasonable the results should be regarded as
preliminary as ( l ) 7r. is not well known in
Ni'Fe alloys at low Fe contents and (2) there

30

20

Vn,o

8 \
" \ l -a

\ A A

E=u-u

X- ---o o€ 

o
30_.-x

6.6
Temporature

Frc. l. A plot of ?xro against
Series 2.

1200

tft r''to'4 "x

1/T (K) for the four samples studied in

Tamperature "C
1300

6.2

12

Yn,o .,o

I

6

6.O6.6

Temperatur€ 1/T x 1O-4 "K

Frc. 2. An enlargement of pafl of Fig. I showing samples S43 and 306
in greater detail.
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TABLE 3.  GLASS COMPOSITION OF 12O3OC RUNS

Sanp1e 306 s43 Dac

sulted in liquids of slightly different composition
and have contributed to the scatter in the data,
but the losses do not vary systematically as a
function of temperature. Considering these
variations. the linear fit to the data is excellent.
Crystallization of olivine from the high-Mg
basalt lowered its Mg content and raised its
SiOr, AlrO, and alkali contents, resulting in an
increase in 7rr,,. By 1200'C olivine crystallization
has modified the liquid to a composition similar
to S43 (Table 3). As a censequenc€ 7llro is
similar in both samples at 1200"C.

DIscussIoN

The high 1llro values obtained in this study
do not necessarily indicate a true departure from
Raoult's law but rather suggest that NiO is not
an important species in the melt. Nevertheless,
if Tnro can be predicted as a function of temper-
ature and composition, it is possible to construct
an internally consistent model to calculate parti-
tion and distribution coefficients for Ni, as-
suming NiO is the melt species.

Roeder (1974) has shown that 7mo in basaltic
liquids ranges from 0.9 to 2.0. These values
are appreciably less than basaltic /nro Values,
even after allowing for differences in the stand-
ard states used for FeO (liquid) and NiO (solid).
The higher activity coefficients for NiO indicate
that it has a greater tendency to leave the liquid
than FeO. The significance of this difference is
most readily appreciated if the liquid is in equili-
brium with a phase such as olivine which is
capable of incorporating both Fe'+ and Nin*
into its crystal structure. Where this happens
Ni'+ will partition more strongly into the olivine
than Fez+. This difference in the behavior of Ni
and Fe is consistent with crystal-field theory.
Ni'+ has 29.2 kcal/mole of crystal-field stabili-
zation energy (CFSE) in octahedral sites but
Fez* has only 11.9 kcal/mole. Two-thirds of
the cation sites in olivine are octahedral, whereas
in silicate melts tetrahedral sites are thought to
predominate (Whittaker 1967), with sites of
various other coordination numbers making up
the balance. From size and crystal-field consi-
derations Ni2+ and Fe'+ can be expected to
occur predominantly in octahedral sites in the
melt and to a lesser extent in other sites (from
size consideration they are unlikely to enter
tetrahedral sites in significant numbers). Ni'*,
which receives the higher CFSE in octahedral
sites, will be largely confined to those sites in
the melt, whereas Fez+ will have more tendency
to "spill ovey'' into other sites. The solubility of
Ni in the melt is therefore less than that of Fe.

C a O  1 1  . 8

Naro

Kzo

Ni0

Total

8 . 9  3 . 8  r . 9

2 , t  2 . 8  4 , 5

o . 2  o . 7  t . 6

t , t ?  r , t z  0 , 6 i a r y

9 7  . 3  9 9 , 1  9 B . B  1 0 0 . 1

paper. The first was carried out at constant
temperature and l(O:), with the aim of assessing
the influence of compositiol orr ]Nro in silicate
liquids. The second series consisted of a detailed
study of the influence of temperatute on 1rrro
for four of the samples used in the first series.

Series I

Natural samples ranging in composition from
high-Mg basalt to dacite and two Fe-free syn-
thetic liquids were run at l300oC and a log
l(O,) of -8.20. The results are presented in
Table 2; TNro ranges from 7.7 in a high-Ti syn-
thetic liquid (SY-MN) to 30 in the 'dacite'

(Dac). There is, howevero little variation in
Tnro for liquids of basaltic composition, the
majority lying between 8.0 and 10.0 at 13O0'C.

Series 2

A high-Mg basalt (306), an Archean tholeiite
(S43), an andesite (And) and a dacite (Dac)
were run at temperature intervals of 50o be-
tween 12@ and l40O"C and at an l(Oz) con-
trolled by the gas-mixing ratio used in series 1
lCOr/ (CO,+H,) = 86.44Vo1. Three of the
samples were free of crystals but the fourth,
the high-Mg basalt, had olivine crystals in both
the 1200 and 1250oC runs. The ynro (relative
to solid NiO as the standard state) was calculated
at each temperature; the results are plotted in
Figures 1 and 2. Within the accuracy of the
experiments there is a straightJine relationship
between /uo aDd l/T for the three samples that
did not contain crystals. Variations in alkali and
FeO loss in the different experiments have re-
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Both Ni'+ and Fe'* will partition into olivine
because it has a higher percentage of octahedral
sites than the liquid, but Ni2+, which receives
more CFSE in sixfold coordination than. Fe'*,
competes more succelsfully. 

'" -

Roeder (1974) has shown that /r"o in a sili-
cate liquid is ipcreased by raising the Na2O, K2O,
Al:Or and, to a lesser extent, the SiOe content
of the liquid. The data presented in this paper
suggest that the same features control yNro.
Thus the high-AlzOa, -Na:O and -KrO samples
in Table 2, the dacite and the two andesites,
have higher yNro values than the basalts. Within
the range of basaltic compositions studied,
those with the highest AlrOs * NarO + KrO
contents also have the highest yxro. This is not
surprising as Ni2+ and Fes* have similar chem-
ical behavior and substitute into the same struc-
tural sites in minerals. They can therefore be
expected to substitute into the same sites in
melts, and factors affecting the structure of the
melt will have a similar influence on both oxides.

It is apparent from the above discussion that
increasing the acidity of the silicate liquid or
raising its Si/O ratio (a measure of the acidity:
Watson 1977) increases yNro. This increase in
7llro with increasing acidity can be attributed to
a decrease in the number of octahedral sites in
the liquid or, alternatively, to a decrease in the
number of silicate complexes containing octa-
hedral sites.

The number of octahedral sites in the melt
may not be the only factor affecting 1lNro. If
olivine and orthopyroxene coexist in a melt, par-
tition coefficients for Ni2+ between olivine and
the melt are about 3-4 times higher than those
for orthopyroxene, whereas Fez+ partition coef-
ficients are similar in both minerals. These dif-
ferences in the behavior of Ni2+ and Fe2+ are
due to differences in the size and shape of the
octahedral sites in olivine and orthopyroxene
(Burns 1970). If the dominant complex in the
melt changes from an olivine-like structure in
ultramafic melts to a pyroxeneJike structure in
basalts (c1., Irvine & Kushiro 1976), this change
can be expected to contribute to the lower solu-
bility of Ni2+ in basic melts compared with ultra-
mafic melts but should have little effect on Fe2+.

Our results show that 7mo is strongly temper-
ature-dependent, whereas Roeder (1974) found
that 7n"o is not: This difference is, in part, due
to the different choice of standard state for the
two metals (solid for NiO and liquid for'FeO'). Ideally, the comparison should be made
using the same standard state in each case. As
there are no thermodynamic data for liquid NiO
we have recalculated Roeder's data for sample
SY-MN using the solid stoichiometric 'FeO' as

the reference state. The enthalpy of fusion re-
qtrired for this calculation and the melting point
for stoichiometric 'FeO' were taken from Robie
et al. (1978). If tiqutd''FeO' is used. as the
standard state, 7r"o incteases slightly with in-
creasing temperature but decreases by 6Vo per
100"C increase in temperature if the solid is
used as the standard state. Thus, although our
use of different standard state exaggerates the
difference between the temperature effect on
/n.o and /Nro, the effect is real with Turo being
appreciably more temperature-dependent than
/neo.

It is unlikely to be a coincidence that Ni, the
eldment with the higher CFSE in octahedral
sites, is the most affected by temperature. We
have already noted that the effect of increasing
the acidity of the melt is to increase 7 for both
NiO and FeO, but the data in Table 2 suggest
that the change is greater for Ni than Fe. Again
the element with the higher CFSE in octahedral
sites is the most affected. The unifying link be-
tween decreasing temperature and increasing
acidity is that both result in an increase in the
viscosity of the melt. In each case, this increase
can be attributed to an increase in polymeriza-
tion. It has been argued that the increase in yuo
with the acidity of the melt is due to a decrease
in the number of octahedral sites. It is therefore
tempting to suggest that the increase in degree
of polymerization of the melt, which results from
cooling, leads to a decrease in the number of
octahedral sites. One possible explanation is to
consider the melt as containing two dominant
silicate complexes: pyroxene-like chains (or Ni-
olivinelike complexes, depending on the com-
position of the melt: Irvine & Kushiro 1976)'
and feldspar-like frameworks. At high temper-
atures chains predominate but at lower tempera-
tures framework structural complexes become
increasingly important, resulting in a decrease in
the number of octahedral sites.

If the linear relationship seen in Figures 1
and 2 is projected to higher temperatures, yuo
for each of the liquids becomes negative some-
where between 1550 and 1650oC (Fig. 3). This
is theoretically impossible; we are therefore
reluctant to project our results to temperatures
above those covered by the experiments. We
also caution against extrapolation of the results
below 1200oC, as structural changes in the
liquid may become increasingly important at
lower temperatures.

AppltcerroNs

Olivine-liquid partition coeflicient for nickel

The distribution of Ni between olivine and a
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silicate liquid is usually expressed in terms of
the Nernst partition coefficient:

n-ot. _ wt. % NiO in olivine
wt. % NiO in liquid

n a, mole fraction NiO in olivine /,or  D to t : f f i  ( 8 )

where Dror * L.L8 D*t (9)

The partition is normally expressed as Dwo'
in the geological literature but we have preferred
to use D"or as it is more amenable to thermody-
namic calculation.

There have been a number of experimental
studies of the partitioning of Ni between olivine
and silicate liquids. The results show that Dwor
increases with increasing acidity of the melt and
with decreasing temperature, but the relative
importance of temperature and composition is
controversial. Hiikli & Wright (1967),Irvine &
Kushiro (1976) and Leeman & Lindstrom
(f978) suggested that temperature exerts the
dominant influence on Dyot, with changes in
composition playing a minor role, whereas Duke
(1976) and Hart & Davis (1978) stress the
role of composition. The problem is that it is
impossible to change the temperature of a melt
in equilibrium with olivine without changing its
composition. Lowering the temperature, for ex-
ample, results in the crystallization sf ndditional
olivine which changes the composition of the
melt, making it more acidic.

Measurements of Txro can be made above the

(7)

liquidus temperature, making it possible to inde-
pendently assess the role of temperature and
composition on this parameter. The relationship
between trwro and D,or has been demonstrated
by Banno & Matsui (IW3) aud Duke & Naldrett
(t977) using the following equation:

NiO t(Sior) NiSi+Os (10)
in liquid in liquid iri olivine

for which the equilibrium constant is:
axsltAozot

,.tro: 
@NroE.i;"*zF 

:

XNr"t loro ' 'TNis i6o2o'  t1

ffi (rr)
Campbell & Roeder (1968) have shown tlat
?Nrsiioso' : L for low mole fractions of NiSitOs
in the system MsSi*Os-NiSirOr. The effect on
TN,sigo2 of iron substituting i:rto olivine is not
tnorgn, but assumed to be small, so that:

Xwioor 0.67 NiSi+Ozux' ' :  -x;z- : - -E;r-
: 0.67 Krc (asiozt)i ?rlro,

0.67 being the mole fraction of NiO in Nisi+q.
From equation (12) it can be seen that Dxot

varies as a function of Krc, (abto"')l and ?"o';
Kro is approximately 1.0 and variations , with
temperature can be calculated for mineral as-
semblages that include a SiO, buffer, e.9., if.
olivine coexists with Ca-poor pyroxene. We have
calculated the change in (a.,or)l with tempera-
ture for the end-member assemblages forsterite-

(12)
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Frc. 4. Ln values for K1s, ̂ t/xto'/lQ and (osro)k for the buffer assemblages
forsterite-enstatite (Fo-En) and fayalite-ferrosilite (Fa-Fs) plotted
asainst 1/T (K).

TASLE 4.

enstatite (Fo-En) and fayalite-ferrosilite (Fa-
Fs) (Fig. 4); (ar.tor)'falls with decreasing tem-
perature for the assemblage Fo-En but increases
for Fa-Fs. The magnitude of the change is small
in both cases, less than Sfi ber 700 K. Natural
assemblages will lie between these two extremes
(Campbell & Nolan 1974), making 5/6 per 100
K the maximum variation in (a"tor)i for natural
coexisting olivine-Ca-poor pyroxene pairs.

The change in asioe in unbuffered assemblages
is less readily assessed. Variations in tholeiitic
melts are restricted (Carmichael et aL Ig70), so
that changes in this parameter are unlikely to
have an important influence ofl Dxo', However,
in alkali basalts the influence of (asr6")l oD Dyot
may be significant.

The relative influence of temperature on K,u,
(a"tor)i and ?Nro' for melts in which the a5ie,
is buffered by coexisting olivine and Ca-poor
pyroxene can be assessed from Figure 4. It is
apparent from this figure that ?rqro'is the prin-
cipal factor controlling Dxot in basaltic liquids.
Our experiments show that both temperature
and composition of the liquid have an important
influence oi y^io' and hence on Dxo,; ?N,o'
may increase by a factor of two if the tempera-
ture of the liquid is decreased by 130 K or if its
composition is changed from a high-Mg basalt
to an andesite, producing comparable changes
in D*ot.
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analyses of these grains are given in Table 4.
The olivine composition can be used to cal-
ctilate a66, of the liquid from the following
equation:

Ni * *Os + +SiO, : NiSi*Oz (13)

This equation gives:

, \ 1 Krg anisi+og (14)

\asioilz : 
a*, /or1-

Values of abioz calculated from equation (1.4)
range from 0.66 to 0.78 (Table 4). These values
compare favorably with those obtained by
Roeder (L974), which, when corrected for a
computational error, lie between 0.5 and 0.9.
It is also possible to calculate ?Mso from equa-
tion (15) if ?"*'eo, is assumed to be one for
hrgh-Mg olivines (Campbell & Roeder 1968,
Nafziger & Muan L967):

.N4go.. + .aqio,.. : lvtgqil9, (15)
rn llqurd ln llquro ln ollvtne

The results, given in Table 4, vary between 0.67
and 0.91.

The bartitioning oJ nickel between immiscible
sulfide and silicate liquids

The distribution of Ni between immiscible
sulfide and silicate liquids can be represented by
the following exchange reactions:

. rytp . * *Sz Njp. + ioz (16)
rn srllcate ln sullloe

for which the equilibrium constant is:

dNis /ori
Kro : ---- (17)

@N io .ls2t

x^,,- Tr.rio IsrE t7g l v i n g : D N i " " r :  + "  : K r o  * = ,  ( I 8 )
^Nio JNis Joz'

As our experiments show that 7mo increases
with the acidity of the silicate liquid, D'r""r can
be expected to be higher in an andesite than in
a basalt. This prediction is in agreement with
the work of Rajamani & Naldrett (1978) who
showed that D"f"r at 1255"C increases from 274
in a basalt to 46O in an andesite. A similar
argument can be used for Fe to show that
Doo'"r should also be higher in an andesite than
in a basalt.

K" lor iron and nickel between immiscible sul-
fide and silicate liquids

The distribution of Fe and Ni between im-

miscible sulfide and silicate liquids can also be
expressed in terms of the exchange reaction:

FeS + NiO NiS
in sulfide in silicate in sulfide

+ FeO (19)
in silicate

The relationship between the equilibrium con-
stant for this reaction (Krs) and the distribution
coefficient (K") is described by the equation:

,..^ - /z*," \ /+*\ X Kn (zo)^ tn  :  

\ 2 . *  )  uu r r i s  \Eo  / " , , , , o  
^  " u

Citing the work of Scott et aI. (1974) on the
Fer-"S - NirJ solid solution (MSS), Rajamani
& Naldrett (1978) suggested that in liquids of
the same composition as MSS, 7ms would have
almost the same value as /n"s. For the range of
MSS compositions for which this relationship
holds, equation (20) simplifies to:

/ ?*'o \Ko: Krc (#rl 
",,,," 

(21)

Theoretically, equation (21) can be used to
calculate Kp for any silicate liquid in equilibrium
with a sulfide liquid, provided 7mo ond /r"o &re
known for the silicate liquid. This is a poten-
tially valuable tool, as /mo and /reo il€ easier to
determine experimentally than Ko' Unfortunately
a practical difficulty arises with the calculation
of Kr,. Rajamani & Naldrett (1978) have shown
that Ko for a basaltic liquid is 42 at I255"C; y,tto
should be close to 11 (Fig. 2) and 7r"o, estimated
from the work of 'Roeder (1974), is about 1.3.
Substituting these values into equation (21) gives
5 as the approximate value for Kre. If Krs is
calculated following the standard-state conven-
tions and free-energy equations given in Table 1,
a value of 16.9 is obtained. We prefer to be
guided by experimental values. Kre is independent
of composition; if Ko is determined experimental-
ly for one silicate liquid of known aNro and 4n"o,
it can be calculated and used for any other
silicate liquid at the same temPerature.

The effect of composition on Ko

It is apparent from equation (21) that K" is
proportional to the 7"rol7r.o ratio in the silicate
melt, provided the relationship 7"rs : 7r"s holds
in the sulfide liquid. However, because of the
geochemical similarity between Fe'+ and Ni'+,
any change in melt composition which affects

Tnro is likely to have a similar influence ol_/reo.
thus, changes in the lNro/ ln"o ratio in silicate
liquids produced by compositional differences
can be expected to be less than the change in
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TABIE 5. K19 VALTIES CALCUT,ATED FRoM Tt{E

FREE ENERGIES CIVEN IN TABIE 1

Ternp.  oc !2oo 13oo

K t 9  1 6 . 7  1 ?  , 6

I + V U  r ) U U  I O U U

L 9 . 0  2 0 , 4  2 r , 8

7xro. Our experiments indicate that the range of

/nro Volues for basaltic liquids is small. Ko ma]
therefore be regarded as insensitive to small
compositional changes within the field of com-
positions of normal basaltic liquids.

An indication of the likely variation in the
yNto/ yr"o ratio between a basaltic and an andesi
tic liquid can be obtained from the work of
Rajamani & Naldrett (1978). They found that
Ko at l255oC for a basaltic liquid is 42 and for
an andesite is 59, an increase of 4O7o. According
to equation (21), this increase is due to /nro//r.o
in the andesite being higher than in the basalt.
It is interesting to note that Dm""ro which is di-
rectly proportional to gro, is 7O7o higher in the
andesite than in the basalt. Do""or will also be
higher in the andesite but, because TNro/yr"o is
higher in the andesite than in the basalt, the
percentage increase will be less.

The elfect ol temperature on Ko

The influence of temperature on Kr can be
evaluated from equation (21), but again the
difficulty in obtaining the correct value for Ku
makes precise calculations impossible. The in-
crease in Krs with temperature, as calculated
from the data in Table 1, is about lOVo per
100oC (Table 5). As demonstrated earlier, Krn
can be calculated directly from the experimental
deterntinations of K" (Rajamani & Naldrett
1978) and from the results presented in this
paper for the effect of temperature of yrroi
7r.o is assumed to be independent of temper-
ature (Fig. 5; Roeder 1974), This approach gives
2O-+2OVo as the increase in Kr" per 1O0"C tem-
perature increase. As yNro falls by about 35Vo per

Temperalure "C
t2oo 1250 1300

Y'r"o 
oo

o - - - -  
T - s g ! ! q _ _ -

6€ 6-7 6.5 6.3

Telnperature 1/'f | 1o-4 "K
Ftc. 5. The effect on ?'."o' of using liquid and

solid standard states for stoichiometric 'FeO'.

The data pertain to Roeder's ( 1974) sample
SY-MN.
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100'C rise in temperature (Figs. l, 2), it seems
likely that K, decreases with increasing temper-
ature by about l5+20%o per 100"C.

CoNcLUsloNs

It is apparent from this study that tempera-
ture and not composition is the dominant factor
controlling /rro in basaltic liquids. Distribution
coefficients for Ni between basaltic liquids and
silicate phases and between basaltic and sulfide
liquids are controlled dominantly by 7m". Tem-
perature will therefore be the most important
factor affecting these parameters in basaltic
liquids, with small compositional changes having
less influence. This does not mean that major
compositional changes can be ignored. The
value of /nro at 1300"C is 5.0 in a fayalitic melt
(Nagamori & Mackey 1978), 9 in a basaltic
liquid and 30 in melts of rhyolite-dacite com-
position. Further systematic work is required to
assess the role of composition on yNro.
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